Purpose-Electrical properties of the prostate may provide sufficient contrast for distinguishing malignant and benign formations in the gland. We evaluated how well these electrical properties discriminate cancer from noncancer tissues in the prostate.
Prostate cancer is the second leading cause of cancer related death in American males with approximately 28,660 expected to die of the disease in 2008.1 As a result, measuring serum PSA in men older than 50 years was suggested by the American Urological Association and the American Cancer Society as the best means to screen for the disease.2 Despite the success of PSA monitoring to detect earlier stage ACa in the last 2 decades this test leads to a significant number of false-positive findings because PSA is produced by malignant and benign processes.3 , 4 Alternative PSA based biomarkers, including PSA velocity, free-tobound PSA ratio, age adjusted PSA, pro-PSA and PSA density, are being investigated in terms of sensitivity and specificity to a significant cancer presence but no concise clinical standard has been adopted. 5 More specific diagnostic tools that identify ACa requiring therapeutic intervention would decrease the financial burden and help decrease patient anxiety associated with a potential cancer diagnosis.
Electrical properties of the prostate may serve this purpose by providing sufficient contrast for distinguishing between malignant and benign formations in the prostate.6 -8 This contrast stems from the biophysical relationship between tissue architecture and its influence on tissue electrical properties. The vastly different cellular and glandular configurations of malignant and benign prostatic tissue provide a spectrum of electrical charge carrying and charge storage capabilities. The term admittivity, which refers to these electrical properties, consists of a conductivity component associated primarily with charge transport (electric current) and a permittivity component associated with charge storage. In tissue the term conductivity defines how easily electric current passes through the medium and permittivity defines how rapidly electric charges accumulate at membranous boundaries. Novel devices are being developed to gauge these properties throughout the prostate9 , 10 but to our knowledge the potential discriminatory power has not yet been established.
We observed significant differences between the electrical admittivity of cancer and benign tissues in the prostate in a few small pilot studies.7 , 11 We present our most recent analysis of a larger 50 patient cohort in which we specifically evaluated how well these electrical properties discriminate cancer from noncancer tissues in the prostate.
Materials and Methods

Data Acquisition and Study Group
Electrical properties were gauged across a tissue sample using a 4-electrode (tetrapolar) configuration. The measurement device consists of a parallel set of gold plated ring electrodes deposited on a pair of PCBs ( fig. 1 ). The bottom electrode set is fixed to the probe base and the upper electrode pair translates vertically to allow sample placement. The probe is interfaced through a set of 4 shielded cables to a computer controlled, HP4284A impedance analyzer (Agilent Technologies, Santa Clara, California) and a front end amplifier stage used to drive currents and sense voltages. Custom software was developed to drive a 1 mA current between opposing outer electrodes and sense the induced voltage between opposing central electrodes at 31 frequencies logarithmically spaced from 0.1 to 100 kHz. The ratio of induced voltage to applied current specifies the discrete electrical impedance (Z*) of the tissue sample. A multiplicative calibration factor based on the separation between the 2 PCBs is used to transform these discrete measurements to the probe independent bulk property value (z*). The inverse of bulk impedance (1/z*) defines tissue electrical admittivity (σ*), which comprises conductivity (σ) and permittivity (ε) terms, where ε = 2πfε o ε r with f representing applied signal frequency, ε o representing free space permittivity (8.85 × 10 −12 F/m) and ε r representing tissue dependent relative permittivity. σ and ε vary with applied signal frequency in tissue and are reported in mS/m. This probe senses a cylindrical volume with a fixed diameter of 3.5 mm and a height that depends on tissue sample thickness. This thickness is recorded for each specimen probed and accounted for in measurement calibration. The probe was fully characterized and validated in a previous study.12 A total of 16 admittivity spectra were recorded from each of 50 ex vivo prostates removed during radical laparoscopic prostatectomies performed by the same surgeon (JAH) at Dartmouth-Hitchcock Medical Center. In all cases measurements were begun within 30 minutes after removing the prostate from the body. Each prostate was sectioned into approximately 3 mm tissue samples at the pathology department and laid on the bench top before probing. A total of 4 locations from each of 4 prostate sections were probed according to a systematic sampling approach, as previously described.12 The area probed was marked with pinholes to provide precise colocalization between recorded admittivity spectra and histological assessment ( fig. 2) . The study protocol received institutional review board approval and informed consent was obtained from participating subjects.
Histological Assessment
The same pathologist (AS) reviewed all regions probed and reported the proportion of individual tissue types involved at each location. To ease evaluation these proportions were limited to 10%, 25%, 33%, 50%, 66%, 75%, 90% or 100%, and tissue types included ACa, BPH, Gl, Str and other. The other grouping consisted of high grade prostatic intraepithelial neoplasia, simple and cystic atrophy, and extraprostatic adipose tissue. Primary and secondary Gleason grades were reported for all regions containing ACa.
Statistical Analysis
The tissue regions probed consisting of greater than 50% of a single tissue type were selected for analysis. In these cases each admittivity spectrum was assigned the predominant tissue type. Differences in mean admittivity properties (σ and ε) between the different tissue types were evaluated by paired testing with differences considered significant at p <0.05. We also assessed ROCs associated with discriminating between ACa and all benign tissues, and between ACa and BPH, Gl and Str tissues individually. ROCs were evaluated by comparing the AUCs. This analysis was performed for σ and ε at all signal frequencies to determine the discriminatory power of the admittivity properties and the optimal signal frequencies to apply. All tests were 2-tailed. Statistical analysis was done with Stata®/IC 10 for Windows®.
Results
Of the 800 colocalized admittivity and histology pairs assessed (50 prostates × 16 spectra per prostate) 573 had a single tissue type composing more than 50% of the region probed, including ACa in 71, BPH in 165, Gl in 148, Str in 152, high grade prostatic intraepithelial neoplasia in 4, cystic atrophy in 17, simple atrophy in 14 and extraprostatic adipose tissue in 2. Other tissue types were not included in analysis because of small sample size. Table 1 lists analyzed tissue types in each prostate. In the ACa group the primary Gleason grades assigned were grade 3 in 44 and grade 4 in 27 pairs, the secondary Gleason grades were grade 3 in 40, grade 4 in 29 and grade 5 in 2, and the combined Gleason scores were 6 in 28, 7 in 28, 8 in 13 and 9 in 2. Tissue thickness in all samples was 1.1 to 6.4 mm (mean ± SD 3 ± 0.82). After calibration no significant σ or ε correlations were associated with tissue thickness at any applied signal frequencies (p >0.05), confirming that the calibrated admittance properties were not influenced by the sectioning procedure. Table 2 shows σ and ε property values for each tissue type at 0.1, 1, 10 and 100 kHz. At low frequencies (0.1 kHz) some recorded ε values were negative, which is not physically realizable. These erroneous readings resulted from extremely increased permittivity values that are not resolvable with the current instrumentation. Thus, these data were excluded from 0.1 kHz permittivity analysis, resulting in only 58 ACa, 145 BPH, 118 Gl and 85 Str ε/ histology pairs being evaluated at this frequency. Figure 3 shows mean σ and ε across the measured frequency spectrum for the different tissue types. Significant mean property differences were noted between ACa and benign tissues for several frequencies (table 3) . Specifically the conductivity of ACa was significantly less than that of Str at all frequencies and significantly less than that of Gl at frequencies above 1 kHz. No significant conductivity differences were noted between ACa and BPH. The permittivity of ACa was significantly larger than that of Str at all frequencies, significantly less than that of Gl at 1 and 10 kHz, and significantly less than that of BPH at 0.1 and 1 kHz. Interestingly the permittivity of ACa was significantly larger than that of all benign tissues types at 100 kHz.
The influence of Gleason score on electrical properties in the ACa group was assessed by testing the significance of the difference in mean properties when primary, secondary and combined Gleason scores were assigned as the discriminating factor. Paired tests were done between primary Gleason grades 3 and 4, secondary grades 3 and 4, and combined scores of 6 and 7, 6 and 8, and 7 and 8. The 2 secondary grade 5 and 2 combined grade 9 data sets were not included because of small sample size. Significance was assessed at 0.1, 1, 10 and 100 kHz. No significant differences were noted for conductivity at any frequency analyzed (p >0.05). However, there were significant differences in some permittivity pairings. The permittivity of primary Gleason score 3 was significantly less than that of primary Gleason score 4 at 100 kHz (p = 0.0362). The permittivity of secondary Gleason score 3 was significantly less than that of secondary Gleason score 4 at 100 kHz (p = 0.0152). The permittivity of combined Gleason score 6 was significantly less than that of combined Gleason score 8 at 0.1 and 100 kHz (p = 0.0077 and 0.0038, respectively). The permittivity of combined Gleason score 7 was significantly less than that of a combined Gleason score 8 at 100 kHz (p = 0.0377).
The effectiveness of discriminating cancer from other tissue types was evaluated using ROC curves. The ACa admittivity properties of 71 pairs were compared with those of all 465 benign tissues grouped together, of BPH alone in 165, of Gl alone in 148 and of Str alone in 152. The AUC of each tissue type pairing was assessed across the full frequency spectrum for conductivity and permittivity ( fig. 4 ). Figure 5 shows σ and ε ROC curves at the optimal frequency, defined as the frequency at the maximum AUC. The optimal frequency for discriminating ACa from all benign tissues was 15. Table 4 lists specificity and property thresholds at these optimal frequencies with these parameters stratified by discrete sensitivity levels.
The optimal parameter for discriminating cancer from all benign tissues grouped together was ε at 100 kHz. When high grade cancers (Gleason sum greater than 6 in 43 samples) were compared with all benign tissues, the AUC of this optimal discriminator increased to 0.823 (95% CI 0.750-0.896) and when low grade cancers (Gleason sum less than 7 in 28) were assessed, the AUC of ε at 100 kHz decreased to 0.760 (95% CI 0.650-0.869).
Discussion
It is important to establish the expected contrasts and discriminatory power provided by tissue electrical properties. This is especially critical as clinical devices are developed that gauge these properties to detect and identify ACa. Also, because these properties are frequency dependent, it is important to establish the contrasts at multiple frequencies and gauge which frequencies would provide the best potential for discriminating cancer from benign prostate. The data presented suggest that these electrical properties provide sufficient contrast for cancer detection and indicate the frequencies that might best be used as new technologies are developed.
The mean conductivity of all prostatic tissue types was 83 mS/m at 100 Hz and 150 mS/m at 100 kHz, and mean permittivity was 0.558 mS/m at 100 Hz and 30.3 mS/m at 100 kHz. These values are within the ranges reported for other soft tissues13 and similar to those in our previous series, in which mean conductivity was 179 mS/m and mean permittivity was 37 mS/m at 100 kHz.7 Furthermore, relationships between the different tissue types appeared to be similar and significant. Specifically the conductivity of cancer was less than that of normal tissue types (Gl and Str), which confirms our previous assertion that Str rich tissues provide an enhanced environment for current flow, ie higher conductivity.7
While the conductivity relationship between the different tissue types remained fixed across the frequency spectrum interrogated, permittivity relationships appeared to change with increasing frequency. In particular the permittivity of ACa was significantly greater than that of Str at all frequencies but less than that of BPH and Gl at frequencies less than 15.8 kHz, and larger at frequencies greater than 15.8 kHz. The variability in cellular and glandular content, size and distribution was evident between the tissue types ( fig. 2 ), contributing to these observed permittivity differences. The inversion in how the permittivity of ACa is related to other tissue types was not observed in our previous study.7 However, the prior study included only 18 cancer lesions and we used a 2-electrode probe, which sensed larger contact impedances than the current 4-electrode probe ( fig. 1 ). Further investigation is needed to assess the biophysical mechanism behind this spectral inversion.
The significant permittivity differences associated with different Gleason grades suggests that these electrical properties could potentially characterize how well a specific cancer region is differentiated. Cancer with Gleason grade 4 morphology has higher cellular density with less well-defined glands and pronounced glandular fusion. Grade 3 morphology has more discrete glandular profiles but they are in larger proportion and have smaller luminal spaces than benign glandular formations. The increased cell density associated with grade 4 tissues is hypothesized to provide greater permittivity because of the increased number of cell membranes, which account for the differences observed.
The discriminatory power of admittivity properties of prostatic tissues to distinguish cancer from other tissues types was evaluated by ROC analysis. When ACa was compared with all benign tissue types, the optimal frequency to distinguish tissue types using conductivity was 15.8 kHz (AUC 0.616) and using permittivity it was 100 kHz (AUC 0.798). The AUC of permittivity is higher than that reported by Thompson et al for PSA evaluation at a threshold of 3.0 ng/ml to discriminate cancer from no cancer (reported AUC 0.678).14 At a PSA threshold of 3.1 ng/ml they reported 32.2% sensitivity and 86.7% specificity. At similar 30% sensitivity conductivity provides 81.7% specificity at threshold (95 mS/m) and permittivity provides 97.0% specificity at threshold (35.4 mS/m). Sensing these electrical properties may provide a second round of screening after increased PSA is noted and may be used to eliminate the need for some biopsy procedures.
To our knowledge these results represent the most comprehensive study to date of the electrical properties of human prostate tissues and show the potential of using these properties to distinguish cancerous from benign tissues. A number of limitations in this study should be considered as clinical technologies incorporating these tissue properties are developed. The electrical properties of ex vivo tissues samples differ from those recorded in vivo. It is well established that as a tissue or organ is devascularized, the electrical properties of the tissue change. Haemmerich et al reported conductivity decreases of 53% at 10 Hz and 32% at 1 MHz in liver 2 hours after removal in an animal model.15 These changes arise from temperature changes in the tissue and the metabolic breakdown of cellular regulation. After devascularization metabolic resources are depleted, leading to cellular swelling. This swelling decreases the extracellular fluid volume available for current flow and is hypothesized to be the primary cause of the observed decrease in conductivity. Similar effects are expected in radical prostatectomy specimens. To minimize this effect we collected measurements within 30 minutes of prostate removal from each patient and followed the same protocol in all. However, the interval between prostate devascularization and the time that it was provided to our team varied and depended largely on surgical conditions since the prostate was left in the body for different periods depending on the surgical plan. Regardless of when we were given the specimen, tissue temperature had achieved a thermal equilibrium of about 20C by the time that we began our probing procedure. These factors may have contributed to the modest data variability (table 2).
Another limitation is that histological analysis was semiquantitative and only tissue regions with greater than 50% of a single tissue type were selected for analysis. In cases with less than 100% of a single tissue type other secondary tissue types were present that influenced the recorded electrical properties. Analyzed tissues consisted of an average of approximately 85% of a single tissue type (table 1), suggesting that there was less than 15% of a secondary tissue type in most cases. More quantifiable methods of tissue analysis, ie using digital image processing techniques, may be used to more precisely analyze tissue morphological properties.
Also, these data were analyzed at single frequencies. Parameterizing the admittivity spectra using techniques such as those described by Halter et al12 to extract a smaller set of parameters incorporating data collected at multiple frequencies may provide enhanced discriminatory power. This approach is discussed in part II of this study. 16 Sampling multiple frequencies requires longer measurement time than collecting single frequency properties but may provide improved sensitivity and specificity.
Finally, we gauged electrical properties through direct contact of the probe with tissue sections. Clinical usefulness would require gauging these properties from outside the prostate capsule and/or by introducing small, needle based sensors into the prostate.
Despite these drawbacks the evidence provided suggests that prostate tissue electrical properties might provide a new diagnostic tool for cancer detection. These properties may be sensed using electrical impedance endotomography techniques, as described by Jossinet et al,10 or using single point measurement devices.9 These data suggest that if a volume of approximately 15 mm 3 (mean probe separation of 3 mm × area of probe face 5 mm 2 ) can potentially be sensed with a discrete probe or an imaging device, cancerous lesions of more than 50% of this volume would potentially be identifiable.
Conclusions
Prostate tissue electrical conductivity and permittivity show promise for distinguishing cancer from benign tissues. The optimal frequencies shown by this data set are 15.8 kHz for conductivity and 100 kHz for permittivity when a tetrapolar electrode configuration is used. Sensitivity and specificity exceed those reported for current PSA screening practices at low PSA, making this an attractive addition to the clinical armamentarium for detecting ACa. Future studies of these tissue properties are suggested to gain an appreciation of how the properties differ in vivo. It is expected that magnitudes may vary with respect to the ex vivo values reported but differences between the tissue types are hypothesized to be similar. Mean conductivity and permittivity at 4 acquisition frequencies, including 0.1, 1, 10 and 100 kHz. Whiskers represent SE AUC as function of signal frequency for conductivity (A) and permittivity (B). Note that inflection point or notch in all benign, BPH and Gl permittivity traces denotes frequency at which permittivity of cancer became greater than that of specific benign tissue ( fig. 3 ). ROC curves of conductivity (A) and permittivity (B) at optimal frequency. SN, sensitivity. SP, specificity Conductivity and admittivity at 4 acquisition frequencies 
